It ended 6 weeks later and was classified as a moderate size eruption with index 3 according to the Volcanic Explosive Index (VEI) based on the maximum plume height and magma discharge. 1 Ash fall from the eruption is estimated to have been 270 million m 3 and the fine grained ash dispersed widely and travelled thousands of kilometres over Europe. 1 In addition, resuspension of the ash by wind and human activity in the nearby farmed area raised substantial concerns about the potential long-term effects that inhaling the ash might have on health. 2 3 Adverse respiratory symptoms have been reported following exposure to volcanic ash [4] [5] [6] [7] [8] [9] [10] [11] and clinical examinations have revealed increased cardiovascular disease, 6 12 respiratory disease [12] [13] [14] [15] and mortality. 16 Studies on long-term health effects of volcanic eruptions are few, in particular on long-term exposure to volcanic ash and respiratory health. 17 It has, however, been reported that long-term exposure to ash fall is associated with increased mortality from Strengths and limitations of this study ▪ Studies on long-term health effects of volcanic eruptions are rare, let alone follow-up studies on the physical and mental health effects of such a stressful event. ▪ An important strength of this study is that it includes a large population-based cohort exposed to the Eyjafjallajökull eruption, and a matched cohort from a non-exposed population, all contacted at two points in time. Both cohorts yielded a high response rate. ▪ The study is based on multiple self-reported symptoms of physical, especially respiratory, health and various psychometric measurements. ▪ Limitations include reliance on self-reported data and the danger of misclassification that may affect the interpretation of findings.
respiratory diseases, including chronic obstructive pulmonary disease (COPD) and lung cancer. 18 Experiencing a volcanic eruption may affect mental as well as physical health. Psychological symptoms and psychiatric morbidity have been observed in people at different times after natural disasters 19 including volcanic eruptions. 20 Dose-response patterns after volcanic eruptions have also been reported, with higher rates of psychological distress, such as post traumatic stress disorder (PTSD), among residents who were more exposed to the eruption. 21 22 In the months following the Eyjafjallajökull eruption, we conducted a population-based study where residents from exposed areas reported increased prevalence of various physical symptoms. 5 In addition, a doseresponse pattern was observed, that is, those living closest to the volcano had the highest prevalence of symptoms. 5 Using population-based registers, we aimed to examine the association between exposure to the Eyjafjallajökull eruption and the development of selfreported physical and mental health 3-4 years after the eruption ended and compare the results to those obtained 6-9 months after the eruption. On the basis of previous studies, we hypothesised that both physical and mental health symptoms in the exposed population had subsided in the 3-4 years since the 2010 eruption. Furthermore, we hypothesised that highly exposed residents were more likely to report physical and mental symptoms than residents who were less or not at all exposed to the volcanic eruption.
METHODS

Study area
The study area near the Eyjafjallajökull volcano in South Iceland was divided into low, medium and high exposure regions (figure 1), as was done in our previous study. 5 To classify different ash exposure levels around the volcano, information based on satellite images of the eruption plume (coarse time resolution) was used as well as information about the emission intensity and observations on the ground. 5 In addition, the Environment Agency of Iceland (EAI) provided data on particulate matter less than 10 μm in aerodynamic diameter (PM 10 ) in 2011-2013, from an air monitoring unit at Raufarfell in South Iceland, located in the high exposure region slightly off the road and near a farm, but almost directly 6 km south of the main eruption vent.
The non-exposed comparison area was in Skagafjörður in North Iceland.
Study population
The source population in 2010 included all residents living close to the Eyjafjallajökull volcano (N=2066), a predominantly farming area, where people spend extensive time outdoors. The study population included 1615 residents who were 18-80 years of age, lived in the exposed area during the eruption, could be contacted and spoke Icelandic. The comparison group consisted of a sample of 697 residents of Skagafjörður in Northern Iceland (matched to the exposed population with regard to age, gender and urban/rural habitation). In the first study (6-9 months following the eruption), completed questionnaires were obtained from 71% of the exposed population (1148/1615) and 73% of the non-exposed population (510/697).
Three years later, those who had participated in 2010 were contacted again (December 2013 to February 2014). Fifty-two members of the exposed group and 35 of the non-exposed group could not be found in registers or had moved abroad, leaving the study population with 1096 participants from the exposed area and 475 participants from the non-exposed area.
Data collection
In the 2010 study, participants were given the choice to fill out the questionnaire on paper or online (for details, see Carlsen et al 5 ) . Their choice then determined the form of questionnaire they received in 2013. Questionnaires were sent to the exposed population in December 2013 and latest replies to the questionnaires were received in March 2014. The comparison group received questionnaires in February 2014, and the latest replies were received in May 2014. Everyone got a thank you/reminder card a few weeks after the questionnaires had been sent out. Participants who had not replied within a certain time were reminded by email and/or by phone.
All questionnaires had a running number which could be matched with the participant's separately stored ID number to enable the investigation of long-term health effects.
Questionnaires
The questionnaires covered various physical and mental symptoms, as well as demographic information on age, gender, marital status, education level, occupational status, financial situation and household size. Standard questions from the screening part of the European Community Respiratory Health Survey (ECRHS) were used to assess respiratory health and underlying diseases. 23 Details on ECRHS questions have been described before. 5 Three items from ECRHS (if participant has had COPD, emphysema or chronic bronchitis confirmed by a doctor) were combined into one item (disorders associated with chronic airway obstruction). Psychological distress was measured with the General Health Questionnaire-12-item version (GHQ-12), a wellknown and widely used instrument. 24 The GHQ-12 is a self-reported screening tool that consists of 12 items, used to assess the severity of mental distress over the past few weeks. A binary cut-off score of >2 was used in the current study. Perceived stress during the last month was evaluated with the Perceived Stress Scale (PSS-4), which is designed to measure the degree to which situations in one's life are appraised as stressful, unpredictable, uncontrollable and overloading. 25 The initial scale includes 14 items, but in our study a validated 4-item version of the PSS-4 list was used, with each of the 4 items scored on a five-point Likert scale (0-4) with a total score ranging from 0 to 16. 25 A binary variable was made with a cut-off point at the 90th centile of the PSS-4 scores, identifying individuals in the top 10th centile as having stress symptoms. 26 The Primary Care PTSD (PC-PTSD) was used to measure PTSD symptoms and was originally designed to detect the PTSD diagnosis in busy primary care clinics. 27 The four-item screening tool reflects four factors that are specific to the PTSD construct: re-experiencing, numbing, avoidance and hyperarousal. A binary cut-off score of >2 was used in our study.
Database and coding
The online survey was built with REDCap (Research Electronic Data Capture). 28 Participants answering the questionnaire online were sent a unique link to the online survey by email. Questionnaires on paper were entered into a REDCap database.
Statistical analysis
Demographic characteristics were compared between the exposed population in 2010 and 2013; the exposed and non-exposed populations from 2013 were also compared using the χ 2 test. We compared change in the same individuals over time by matching each participant by ID number in the exposed region in 2010 and 2013, resulting in 808 matched pairs who had replied to the same questions on both occasions. To account for the matching variables, conditional logistic regression analysis was used to estimate ORs and 95% CIs for likelihood of experiencing physical and mental symptoms in 2010 and 2013. Conditional logistic regression was used to further analyse those who reported two or more physical symptoms (morning winter phlegm, nocturnal or daytime winter phlegm and/or chronic nocturnal or daytime winter phlegm and skin rash/eczema). Logistic regression analysis was conducted to estimate the relationship between multiple physical symptoms and psychological distress or PTSD symptoms or perceived stress in 2013. Logistic regression was used to calculate ORs and 95% CIs for the association between physical and mental symptoms and residence in the low, medium and high exposure areas and non-exposed area and (2) the low, medium and high exposure areas within the exposed region. These models were adjusted for a priori selected variables; possible confounders were gender, age category, education level and smoking status (never, former, current). Results were considered statistically significant when p values were ≤0.05 or the CIs did not include 1.0. Descriptive statistics for the 24-hour average concentration values of environmental data were performed.
All statistical analyses were performed with RStudio V.0.98.501 (Team RC. R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing, 2012). . Inserted map of Iceland in the right corner shows the location of Skagafjörður in Northern Iceland (non-exposed area) and the exposed area in South Iceland. The larger map shows the exposed area with Eyjafjallajökull marked as X, the site of the measuring station with a Δ and the exposed areas divided into low, medium and high exposed areas.
RESULTS
Concentration
due to inactive measuring devices. In the high exposure area, the PM 10 
Participants
Valid questionnaires were received from 874 of 1096 in the exposed population (80%) and 381 of 475 (80%) in the non-exposed population (figure 2). Those who did not provide information on gender, age and education were excluded from the analysis (59 from the exposed population and 16 from the non-exposed population). The exposed group differed statistically significantly between 2010 and 2013 regarding age, education, marital status, household size, occupational status and financial status, but was similar regarding gender and smoking status. In 2013, the exposed and non-exposed groups were similar regarding gender, age, education, marital status, financial situation and smoking status (table 1) .
Development of health effects in the exposed group between 2010 and 2013 Health in 2013 among exposed and non-exposed Respiratory health In 2013, a higher prevalence of various respiratory symptoms was observed in the exposed group compared with the non-exposed group, such as wheezing (medium exposure OR 1.88; 95% CI 1.13 to 3.21; high exposure OR 2.20; 95% CI 1.29 to 3.83), wheezing without a cold (high exposure OR 2.35; 95% CI 1.27 to 4.47), coughing without a cold (medium exposure OR 1.64; 95% CI 1.07 to 2.55; high exposure OR 2.01; 95% CI 1.28 to 2.44), Figure 2 Flow chart of the study population. Table 1 Demographic characteristics of the population (South Iceland) exposed to the Eyjafjallajökull volcanic eruption in 2010 and the non-exposed population (North Iceland) Physical and mental health, sleep difficulties and use of medication In 2013, exposed participants in some exposure regions were less likely to report back pain (low exposed OR 0.50; 95% CI 0.25 to 0.95; medium exposed OR 0.61; 95% CI 0.40 to 0.93), myalgia (low exposed OR 0.49; 95% CI 0.25 to 0.91; medium exposed OR 0.64; 95% CI 0.42 to 0.97), insomnia (low exposed OR 0.43; 95% CI 0.19 to 0.90) and regular use of analgesics (low exposed OR 0.16; 95% CI 0.04 to 0.45), compared with the nonexposed group. No statistically significant differences were reported regarding psychological distress or perceived stress by level of exposure when compared with the non-exposed group (table 4) .
Compared with the low exposed group, the medium or high exposed groups showed higher prevalence in the use of analgesics (medium exposure region OR 4.52; 95% CI 1.56 to 19.20) , any drug for depression, as well as anxiety, sleeping problems and other mental symptoms (high exposed OR 3.85; 95% CI 1.07 to 24.63), depression medication (high exposed OR 3.85; 95% CI 1.07 to 24.63) and skin rash/eczema (high exposed OR 2.41; 95% CI 1.03 to 6.62; see table 4). Logistic regression was not applicable for the PTSD scores since there were no reports of PTSD symptoms in the low exposure region. No statistically significant difference was detected between reported PTSD symptoms between the medium and high exposed participants in 2013 ( p=0.842). Compared with the low exposed group, no statistically significant difference was reported among the medium or high exposed groups regarding psychological distress (medium exposed OR 0.87; 95% CI 0.49 to 1.59; high exposed OR 1.07; 95% CI 0.59 to 1.99) and perceived stress (medium exposed OR 0.98; 95% CI 0.46 to 2.38; high exposed OR 1.09; 95% CI 0.48 to 2.73).
Multiple symptoms
The prevalence of having two or more symptoms (morning winter phlegm, nocturnal or daytime winter phlegm and/or chronic nocturnal or daytime winter phlegm and skin rash/eczema) increased from 6.4% in 2010 to 12 *OR and 95% CI from conditional logistic regression. †Chronic: more than 3 months/year. ‡Answering 'yes' to 'Has physician ever told you that you had (the disease)?' §Three items from ECRHS (if participant has had COPD, emphysema or chronic bronchitis confirmed by a doctor) were combined into one item (disorders associated with chronic airway obstruction). ¶Answers 'yes to a moderate extent' or 'yes, to much extent' to the question 'Have any of the following symptoms disturbed your daily activities during the last month'. **Psychological distress was derived from GHQ-12 referring to 'the previous weeks', using a binary cut-off score of >2. † †Perceived stress was derived from PSS-4 referring to 'the recent month' using a binary cut-off score of 90th centile. ‡ ‡Primary care PTSD was derived from PC-PTSD referring to 'the recent month' using a binary cut-off score of >2. COPD, chronic obstructive pulmonary disease; ECRHS, European Community Respiratory Health Survey; GHQ-12, General Health Questionnaire-12-item version; PC-PTSD, Primary Care PTSD; PSS-4, Perceived Stress Scale. figure 1 . †OR and 95% CI from multivariate logistic regression adjusted for age category, gender, education and smoking status. ‡Answers 'yes to a moderate extent' or 'yes, to much extent' to the question 'Have any of the following symptoms disturbed your daily activities during the last month'. §Answering 'yes' to 'Has physician ever told you that you had (the disease)?' ¶Three items from ECRHS (if participant has had COPD, emphysema or chronic bronchitis confirmed by a doctor) were combined into one item (disorders associated with chronic airway obstruction). **Chronic: more than 3 months/year. COPD, chronic obstructive pulmonary disease; ECRHS, European Community Respiratory Health Survey. 
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Open Access figure 1 . †OR and 95% CI from multivariate logistic regression adjusted for age category, gender, education and smoking status. ‡Answers 'yes to a moderate extent' or 'yes, to much extent' to the question 'Have any of the following symptoms disturbed your daily activities during the last month'. §Psychological distress was derived from GHQ-12 referring to 'the previous weeks', using a binary cut-off score of >2. ¶Perceived stress was derived from PSS-4 referring to 'the recent month' using a binary cut-off score of 90th centile. **Primary care PTSD was derived from PC-PTSD referring to 'the recent month' using a binary cut-off score of >2. † †The non-exposed group did not receive questions regarding PTSD symptoms specifically related to the Eyjafjallajökull eruption. ‡ ‡Data not applicable. GHQ-12, General Health Questionnaire-12-item version; PC-PTSD, Primary Care PTSD; PSS-4, Perceived Stress Scale. 11 Open Access 8.33), but not psychological distress (adjusting for gender, age, smoking and education).
DISCUSSION
The findings from this prospective study in 2010 and 2013 on a population exposed to a volcanic eruption show that some respiratory and physical symptoms increased with time in the exposed group. In 2013, exposed participants reported an increase in various respiratory symptoms, in addition to symptoms like skin rash/eczema, back pain and myalgia. Similarly, the exposed participants were more likely to experience insomnia, sleep difficulties and having two or more physical symptoms, compared with 2010. The use of medication for psychological morbidity and high blood pressure was also more prevalent among the exposed participants in 2013 than in 2010. A further analysis on health status by exposure level in 2013 showed that participants living in exposed areas reported more respiratory symptoms, such as wheezing, coughing without a cold, morning phlegm during winter and having been diagnosed with any disorder associated with chronic airway obstruction, compared with those living in the non-exposed region. Participants from medium and high exposure regions were at significantly increased odds of upper respiratory symptoms compared with those from the low exposure region. Interestingly, exposed participants were less likely than non-exposed participants to report symptoms related to pain and sleep difficulties, but within the exposed group only, the more exposed showed a higher prevalence of factors like regular use of medications.
Contrary to our hypothesis, these results imply that physical, in particular respiratory, symptoms have not subsided in the 3-4 years since the volcanic eruption ended. However, in accordance with the second hypothesis, we found that a dose-response relationship between ash exposure and physical symptoms still exists.
Respiratory health
Studies on long-term health effects of volcanic ash on respiratory health are few and their results vary. Investigating long-term health effects, such as chronic lung disease or serious respiratory symptoms following volcanic eruptions, may be difficult, as the disease may not become apparent until many years after the initial exposure. 9 Previous studies have shown adverse respiratory effects of exposure to volcanic ash, but most of these are based on short-term follow-ups (from a few weeks up to a year following exposure). 4 5 8 10 12-14 Our findings differ from the results of Rojas-Ramos et al 10 who reported that the increased incidence of respiratory symptoms and a decrease in lung function in the immediate period after the eruption in Popocatepetl in Mexico returned to normal levels 7 months later.
Acute symptoms like chest tightness, coughing and eye irritation were more common among exposed than nonexposed loggers following the Mount St. Helen's eruption; however, as resuspension of the ash diminished, the symptoms subsided. [29] [30] [31] A 4-year follow-up indicated no need for further follow-up as those affected seemed to have recovered. 11 This is in contrast to our findings, which indicates that symptoms may be more persistent than previously reported.
Our study 6-9 months after the Eyjafjallajökull eruption showed a dose-response tendency between levels of exposure to the volcano and certain symptoms. 5 This study indicates that this dose-response pattern still exists 3-4 years later. Other studies comparing health effects by level of exposure to volcanic ash have yielded similar findings.
32-34
Our hypothesis that physical symptoms had subsided in the more than 3 years since the eruption is refuted, especially regarding respiratory symptoms. The most likely explanation lies in the continued exposure to respirable particles in the ambient air in the exposed region. The most troublesome volcanic compound regarding chronic lung pathogenesis is crystalline silica, such as cristobalite, quartz or tridymite polymorphs. 35 36 Since the Eyjafjallajökull ash contained only 1.4-3.2 wt% crystalline silica (quartz or cristobalite), the potential hazard of developing silicosis due to its persistence in the environment is considered negligible. 2 9 However, fresh ash from the Eyjafjallajökull volcano contained up to 25% respirable particles (<10 μm). Exposure to particles of <PM 10 aerodynamic diameter, irrespective of origin, is considered a key element in the effects of air pollution on health. 37 Following a volcanic eruption, ash deposits can be remobilised by wind or human activities for many years, accompanied by negative health effects. 2 Resuspension of the Eyjafjallajökull ash on windy days resulted in unusually high concentrations of particulate matter in the air in Southern and Southwestern Iceland. 3 During the summer and fall of 2010, the official Icelandic PM 10 health limit (50 μm/m 3 daily average) 38 was exceeded 25 times. 3 5 According to the EAI, the daily average PM 10 values did not decrease during the follow-up time of this study, and the maximum values remained elevated in the most exposed area. This indicates that the population continued to be exposed to ash for years after the eruption, which may explain our findings of increased pulmonary and other health symptoms between 2010 and 2013.
Our study is the first to indicate a link between exposure to a volcanic eruption and long-term skin irritation. Fresh ash may have an acid coating and be abrasive to the skin, causing irritation and debilitation which can lead to infections. 39 40 Eye and skin irritation commonly subside shortly after exposure to ash and long-term toxic injury to these organs is unusual. 36 In this study, however, the prevalence of skin rash/eczema more than doubled between 2010 and 2013 and was most common in the high exposure region, even 3-4 years after the eruption ended.
Mental health
Rates of psychological distress, perceived stress and PTSD symptoms decreased between 2010 and 2013. This is similar to the findings of Ohta et al 20 on volcanic eruption evacuees who reported that psychological distress decreased with time (between 6 and 44 months) after evacuation from a volcanic disaster. Dose-response patterns have been found between level of volcanic exposure and psychological distress in the Mount St. Helens and Mount Merapi eruptions. 21 22 While the rates of perceived stress and psychological distress were similar in the exposed regions, this study does not warrant decisive conclusions about levels of exposure and mental symptoms. However, PTSD symptoms were only found in the medium and high exposure areas in 2013. In addition, those who reported two or more physical symptoms in 2013 were more likely to show symptoms of PTSD and perceived stress. This may provide guidance for preventive measures and treatment in the future.
Our findings indicate that sleep difficulties among exposed participants in 2013 had increased since 2010, which is consistent with previous studies that report sleep difficulties as late as 16 years after a disaster. [41] [42] [43] Norris et al 44 identified sleep disturbances in 23% of 160 studies on disaster victims that they reviewed.
In our study, musculoskeletal symptoms, back pain and myalgia increased significantly between 2010 and 2013. Somatic symptoms are a common sign of distress in the aftermath of disasters, and of those musculoskeletal symptoms are the most common and long-lasting. 45 Other symptoms include headache, fatigue and irritable bowel syndrome. [46] [47] [48] It has been suggested that physical symptoms merit more attention after disasters 47 48 and our findings support that.
Strengths and limitations
The main strengths of the study include the use of a matched design and a large population-based cohort, allowing for prospective assessments of physical and mental health within subpopulations, and high response rates both in 2010 and 2013, which minimises the risk of selection bias. The use of multiple measuring tools for mental outcomes: psychological distress, perceived stress and PTSD symptoms, based on standardised psychological tests, further strengthen the study.
Regarding limitations, non-participation may have influenced the results. It is possible that those who were lost to the follow-up study in 2013 included a disproportionate number of people who had developed serious respiratory symptoms. Their non-response in our follow-up study could thus underestimate the true risk associated with long-term ash exposure. However, it is also possible that individuals who experience symptoms are more likely to participate, which would lead to overestimation of ORs. The high response rate in 2013 lowers this potential selection bias. It is also possible that recall bias may have influenced the self-reported data; however, the specific dose-response relationship found between ash exposure and physical symptoms renders that unlikely. Information bias may have occurred in our study if participants in the higher exposed areas are more concerned or informed about the health effects of volcanic eruptions, making them more aware of symptoms and thus affecting their replies to the questionnaires. The same classification of exposure levels (low, medium and high) was used in 2010 and 2013, based on satellite images, emission intensity and observations on the ground. 5 Reclassification of the exposed region might have been valid in this study, as exposure to resuspended ash may differ from the original exposure. The PM 10 measurements in this study were only obtained from one location, in Raufarfell, located in the high exposure region. Information is lacking on whether the exposure levels in the medium and low exposure regions had changed during the follow-up period. However, the dose-response patterns of physical symptoms are consistent between the two studies, indicating that the conditions regarding exposure levels had not changed.
CONCLUSIONS
Our findings indicated an association between long-term exposure to volcanic ash and increased respiratory and physical symptoms. Similarly, we found a dose-response relationship between exposure and symptoms, with greater risk of exacerbating respiratory and physical symptoms in the more exposed areas.
These findings call for continued health monitoring and adequate treatment of residents in the exposed region. The potential risks of long-term exposure to ash must not be underestimated and finding a way to prevent or minimise the risk to exposed residents is of great importance. This study draws attention to the possibility of long-term physical and mental illnesses following natural hazards and has implications for planning preventive and treatment strategies.
Contributors All authors planned and designed the study and had full access to the data. HH, AH, HKC and GP gathered the data and HH and AH did the statistical analysis. HH drafted the article and all authors critically revised the manuscript for important intellectual content. GP and AH obtained funding and supervised the study. AH (guarantor) takes responsibility for the integrity of the data and the accuracy of the data analysis.
Funding The study was funded through a grant in 2010 from the government in Iceland. The preparation of this paper was also supported by the Nordic Centre of Excellence for Resilience and Societal Security-NORDRESS, which is funded by the Nordic Societal Security Program (grant number 68825).
Competing interests None declared.
Ethics approval This study was approved by the Icelandic Data Protection Authority (no. S4878/2010) and the Science Bioethics Committee (no. 10-099-V3).
Provenance and peer review Not commissioned; externally peer reviewed.
Data sharing statement AH and GP hold all the data used in this study. The data set holds additional information about health of children and mental health, which the authors seek to publish later. The data are anonymised, but could hold identifiable details; thus, we do not wish to share the data.
Open Access This is an Open Access article distributed in accordance with the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license,
